The relation between the number of nucleoli visible in telophase or interphase nuclei and the number of haploid chromosome sets which are present has been studied extensively in plants (cf. the recent review by Gates'). DeMol2 first noted that diploid hyacinths' have a maximum of two nucleoli, triploid three, and hypotetraploid four. This relationship became understandable when it was shown conclusively by Heitz3 that, during telophase, the nucleoli are formed at specific points on specific chromosomes, usually at secondary constrictions which either mark off a satellite or are located some distance from the end of the chromosome. Since as a rule, each haploid set of chromosomes includes a single chromosome with a "nucleolar organizer," the normal diploid nucleus contains two nucleoli. The number of nucleoli may therefore be used as a criterion for the identification of polyploid individuals or races within a species and, with certain restrictions, for the determination of phylogenetic relationships between different plant species.
information on nucleolar number and heteroploidy will be reviewed briefly in this paper, and new evidence will be added from a study of the nucleoli in an extensive heteroploid series of larvae of the axolotl, Amblystoma mexicanum, and of larvae of mixed tigrinum-mexicanum ancestry.
That each haploid set of chromosomes may be associated with a single nucleolus was first indicated by Conklin's classical observations on the fertilization and cleavage of eggs of the gastropod Crepidula.5 Each of the germ nuclei, before their union, contains a single nucleolus, while in the telophase of all the cleavage mitoses two nucleoli appear which may fuse into a single one if the resting period is prolonged. The cleavage nuclei are clearly dual, and each half-nucleus, which is descended from one of the germ nuclei, contains a single nucleolus.
Direct evidence for a constant relationship between number of nucleoli and chromosome number was found by Parmenter6 in his work on parthenogenesis in frofgs. Epithelial nuclei of diploid tadpoles of Rana pipiens contain two nucleoli in a large percentage of the cells, and one in the remainder; haploid parthenogenetic tadpoles show only one nucleolus in all nuclei. In 1933 Parmenter extended his observations to a triploid and a mixed diploid-triploid larva of Rana pipiens, and a mixed diploidtriploid-tetraploid larva of Rana palustris.7 The triploid nuclei contained three nucleoli, the tetraploid four. The same relationship obtained in haploid, diploid and triploid cells of parthenogenetic individuals of Rana fusca. 8 Corresponding figures were published by Porter9 for haploid, diploid and tetraploid cels of androgenetic larvae of Rana pipiens. A very extensive series of polyploid parthenogenetic larvae of Rana nigromaculata was investigated by Kawamura'0 who found that most of the nuclei in triploid larvae contained three nucleoli, in tetraploid larvae four and in hexaploid larvae five or six.
The number of nucleoli was also recorded in germ cells of polyploid silkworms by Kawaguchi." Diploid, triploid and tetraploid spermatogonia showed two, three and four nucleoli, respectively. Diploid oogonia contained a single nucleolus, triploid and tetraploid oogonia two, i.e., the number of nucleoli corresponded to the number of Z-chromosomes present, indicating that in this species the Z-chromosome carries the nucleolar organzer.
Since the number of nucleoli, together with measurements of the nuclear size, may give a reliable estimate of the degree of polyploidy of nondividing cells (cf. Berger'2) it promises to be particularly helpful in the study of partially polyploid organs or tissues in otherwise diploid individuals. In the normal liver of the rat, tetraploid and octoploid cells are abundant and may outnumber the diploid (Beams and King,13 Sulkin"4).
In the mouse liver, the nuclei fall into three main size classes whose volumes are approximately as 1:2:4 (Jacobj'6), indicating that they are diploid, tetraploid and octoploid, respectively. Biesele, Poyner and Painter' have shown that these nuclei contain a maximum of four, eight and sixteen nucle6h. A few very large nuclei, presumably 16 -ploid, showed up to thirty-two nucleoli. Each chromosome set of the mouse apparently contains two nucleolar organizers, a fact which might suggest that this species is tetraploid. However, some species of plants, which are unquestionably diploid, also possess four nucleolar organizers.
The numerous scattered observations on polyploid tumor cells have been reviewed in the same paper. '6 In their own investigations of the nuclear phenomena in mouse cancers these authors found evidence that the increased size of the cancer nuclei is a result of endomitosis which may lead to the formation of larger chromosomes with two, four, eight times, etc., the normal number of chromatids ("polytene chromosomes"), often combined with an increase in the number of separate chromosomes to the tetraploid, octaploid and higher levels. The actual valence of the nucleus, i.e., the total number of chromatids contained in it, is indicated by the number of nucleoli, although there is a strong tendency for the nucleoli to fuse, particularly in nuclei with polytene chromosomes. However, careful measurements of the volume of the nucleoli may still reveal their compound nature. In the frequently highly polyploid somatic cells of water striders, fusion of two or more nucleoli seems to be the rule.'7 Diploid and tetraploid nuclei usually show one nucleolus, rarely two. In more highly polyploid nuclei, the number of nucleoli increases but remains far below the number of chromosome sets which may be accurately determined by counting the heterochromatic X-chromosomes.
Prolonged studies of spontaneous and induced polyploidy in several species of salamanders have not produced information on the behavior of the nucleoli until recently. In the three species which were studied first, Triturus viridescens, T. pyrrhogaster and Eurycea islineata, the chromosome number of living larvae may be determined with ease in whole-mounts of amputated tailtips where the epidermis of the transparent fin offers excellent material for the study of mitotic figures.'8 The interphase nuclei, however, do not show distinct nucleoli following fixation in Bouin's and staining with Harris' acid haemalum, the technique which was found to be most satisfactory for the rapid preparation of the tailtips for chromosome counts. Last year, the investigations were extended to larvae of the axolotl, Amblystoma mexicanum.'9 In this species and in mexicanumtigrinum hybrids, a considerable number of the tailtip preparations show the nucleoli clearly in some interphase nuclei while in other nuclei they are not easily distinguished from the numerous chromocenters; frequently also the structure of the nucleus is partly obscured by pigment granules in the cytoplasm.
Sufficient observations have been made to show a good agreement between the maximum number of nucleoli visible and the number of chromosome sets present, as determined by chromosome counts in the same tailtip. The series includes haploid, diploid, triploid, tetraploid and pentaploid larvae (table 1) . Some of these represent spontaneous aberrations in chromosome number, but the majority developed from eggs that were refrigerated immediately after laying. Haploid nuclei always contain a single nucleolus (Figs. 1 and 2 ), diploid nuclei two in the great majority of cells, while in the remaining cells the nuclei contain one whose size may reveal its origin through fusion of two separate nucleoli (Figs. 3 and 4) . Triploid individuals show three nucleoli in most of the cells, two in the remainder (Fig. 5) ; tetraploid nuclei have four nucleoli in over one-half of the cells, and three (rarely two), in the others (Fig. 6 ). In the tailtip of a pentaploid larva five nucleoli were found in a majority of the cells, while most of the remaining nuclei contained four (Fig. 7) .
The demonstration of this simple numerical relationship in epidermis cells of axolotl larvae is particularly interesting in view of the fact that Dearing2 described the formation of the nucleoli during telophase at the secondary constriction of a particular pair of chromosomes in epithelial cells of larvae of Amblystoma tigrinum. These observations, together with those of Kaufmann2' on ganglion cells of Drosophila larvae, were the first (Fig. 8) epidermis nuclei is almost directly proportional to the chromosome number, except for the pentaploid nuclei in which the increase is relatively too small. However, only two pentaploid individuals were available; in view of the considerable range of variation between individual tailtips it may be expected that measurements on more pentaploids will raise the average.
It should be pointed out that the epidermis nuclei of the tail fin are thin discs whose thickness increases very slightly with the chromosome number so that the area measured in the drawings is closely representative of the nuclear volume. This observation has a more general interest since it indicates that the thickness of the epithelium is kept more or less constant, regardless of the size of the individual cells which compose it. The cells are flattened to a greater or lesser extent to fit this condition. Preliminary observations on sections of various polyploid individuals have shown that a similar adjustment takes place in other thin layers of cells.
Summary.
- (1) A review of the few reported observations on the number of nucleoli in nuclei of haploid and polyploid animal cells shows that the same relationship obtains as in plants, i.e., the nucleolar number increases in direct proportion to the chromosome number. In spermatogonia of polyploid silkworms and in epithelial cells of frog tadpoles the nuclei contain one nucleolus for each chromosome set. In normal liver cells and in cancer cells of the mouse the nuclei contain a maximum of two nucleoli for each chromosome set, although the great tendency of the nucleoli to fuse may obscure this relationship. In polyploid tissues of diploid water striders, fusion of the nucleoli occurs so generally that the nucleolar number is of little value in the estimation of chromosome numbers.
(2) New observations demonstrate a similar relationship in epithelial EXPNATION OP FIGURES All figures are camera lucida drawings of epidermis nuclei from the tail fin of young axolotl larvae. The original magnification was X630; it was reduced to X270 in reproduction.
1. From a haploid larva (N -14 (Fig. 8) . This animal was found to be hypodiploid (2N -4) ; presumably, one of the missing chromosomes contained a nucleolus organizer.
(3) The available evidence supports the conclusion that the number of nucleoli may be used as a criterion in the diagnosis of completely polyploid individuals or of polyploid cells or tissues in animals as well as in plants.
1 Gates, R. R., Bot. Review, 8, 337-409 (1942) .
